Purpose The aim of this study was to analyze the seminal plasma of patients with idiopathic/male factor infertility and healthy controls with proven fertility by NMR spectroscopy, with a hope of establishing difference in biomarker profiles, if any, between the groups. Methods A total of 103 subjects visiting the infertility clinic of Manipal University with normozoospermic parameters, oligozoospermia, asthenozoospermia, azoospermia and teratozoospermia were included. Semen characteristics were analysed by standard criteria. Seminal plasma was subjected to NMR spectroscopy at a 700 MHz
Introduction
It is estimated that 10-15 % of couples are infertile, and of those, nearly half will involve male factors [45] . Despite improvements in the diagnosis and treatment, management of male factor infertility still remains a challenging task. The clinical utility of traditional seminal fluid based markers in the prediction of gamete quality and embryo viability is still controversial, often leading to poor success rates when Assisted Reproductive Technology (ART) is employed. In addition, many infertile couples continue to be labeled with the diagnosis of idiopathic infertility or given descriptive diagnoses that do not provide a cause for their defect. For other individuals with a known etiology, effective cures are lacking [11] .
There is hence a need for the identification of alternative, rapid, noninvasive methods to diagnose specific etiologies of male factor infertility. The use of novel metabolomic techniques may hold the key to more accurately diagnosing and treating male factor infertility. It is within this context that the search for potential biomarkers in male infertility can begin [21] . A biomarker is a distinctive biological or biologically derived indicator of a process, event, or condition that can be objectively measured, evaluated, and compared.
Metabolomics and metabonomics encompass the comprehensive and simultaneous systematic profiling of multiple metabolite concentrations and their cellular and systemic fluctuations in response to drugs, diet, lifestyle, environment, stimuli and genetic modulations, in order to characterize the beneficial and adverse effects of such interactions [7] . Even though measuring the metabolome is a considerable analytical challenge owing to the absence of methods to amplify metabolites and their labile nature, complexity and heterogeneity, rapid technological advances have enables us to detect a wide range of small molecules.
The metabolome is the final downstream product of the genome and is defined as the total quantitative collection of small molecular weight compounds present in a cell or organism which participate in metabolic reactions required for growth, maintenance and normal function. The human metabolome is believed to be made of nearly 3,000 such small molecule metabolites and is considered to be closer to the phenotype than the transcriptome or proteome as posttranscriptional and post translational modifications are known to exert a strong influence on the metabolic fluxes [11] .
The identification and quantification of biomarkers is done through a combination of analytical, biochemical and spectral analysis, thereby establishing the signatures of the metabolites for healthy control population and test subjects with specific illnesses. Differences in the concentration of specific biomarkers are then used in creating unique metabolomics profiles which would help differentiate test subjects from controls. This information is then coupled with bioinformatics to make the analysis as predictive as possible [28, 29, 34] .
There has been growing interest in the field of metabolomics which provides useful information about the phenotype an organism through analysis of various biomarkers in body fluids [22, 35, 39, 46, 37, 7] . This technology provides for assessment of metabolic changes within an organism, even when standard clinical chemistry markers are within normal limits [31] . Metabolomics as a diagnostic tool for metabolic classification of individuals offers potential advantages that classical diagnostic approaches do not, based on discovery of a suite of clinically relevant biomarkers. The great asset of this platform is the quantitative, non-invasive analysis of easily accessible body fluids ( [20] ; Zhang et al., 2012).
Although different body fluids have been popular targets of analysis through omics platform, seminal plasma has not received much attention in this regard. Seminal plasma is the liquid component of semen and composed of secretions from the testis, epididymis and male accessory glands [6] . At pH 7.35-7.50, it has buffering properties, protecting spermatozoa from the acidic environment of the vagina. It contains a high concentration of fructose, which is a major nutrient for spermatozoa during their journey in the female reproductive tract. The average protein concentration of human seminal plasma ranges from 35 to 55 g/l [32] .
Human seminal fluid dilutes and transports spermatozoa to the ovum for fertilization and provides a metabolic support to the cells bathed in it. Immediately following ejaculation, a series of reaction occur, initiated by semenogelin (Sg) I and II aggregation to form a gelatinous mass, which is then cleaved by prostate specific antigen (PSA) after 5-20 min, facilitating liquefaction [18, 30] . Subsequently, the further reactions over the next 6-8 h results in hyperactivation and capacitation of the spermatozoa [27] .
Disruptions to the biochemical and biophysical reactions following ejaculation are a major cause of infertility in men [43, 15] . Since seminal fluid has important roles in spermatozoon survival and overall fertilization success, its impairment can be directly connected to infertility. It is therefore logical to assume that the characterization of different biomarkers in this liquid component could have valuable implications, both in the diagnosis and treatment of male infertility [32] .
Although the study of cellular metabolic products (metabolomics) as potential male fertility biomarkers is currently in its infancy, it is believed that the use of novel metabolomic techniques can enable the more accurate diagnosis and treatment of male factor infertility. With the aim of addressing this issue, this study has been proposed, to analyze the seminal plasma of patients with idiopathic/male factor infertility and healthy controls with proven fertility by Nuclear Magnetic Resonance (NMR) spectroscopy, with a hope of establishing difference in biomarker profiles, if any, between the two groups. Qualitative and quantitative measurement (absolute concentration) of metabolites in seminal plasma will be carried out, and the resultant data subjected to multivariate analysis, to determine the signature biomarkers and possible descriptors of infertility.
Materials and methods

Subjects
Patients visiting the infertility clinic of Kasturba Medical College and fertile controls, known to have fathered a child within 12 months, participated in the study. The Institutional Ethical Committee's approval was obtained before performing the experiment. Idiopathic infertility included infertile patients, with normozoospermic semen parameters, who had a history of infertility of at least 2 years and normal female partners i.e., normal reproductive history, normal day 2 follicular stimulating hormone (FSH) and luteinizing hormone (LH) levels, normal ovulation (by follicular ultrasound study), and tubal patency (by hysterosalpingogram). Care was taken to ensure that the samples in the control group and experimental groups were age matched. 103 subjects participated in the study, after provision of a written, informed consent. All subjects were asked to provide semen samples after 3-5 days of ejaculatory abstinence. Semen specimens were produced by masturbation directly into a sterile plastic container, in a room specially provided for this purpose and located adjacent to the laboratory. After liquefaction, semen processing and analysis was performed according to the recommendations of the World Health Organization [49] . A part of the sample was used for routine andrological examination (Supplementary information S1). Seminal plasma was separated for NMR spectroscopy.
Semen analysis
Seminal volume was determined in a graduated tube and sperm concentration was assessed by conventional method using Makler counting chamber (Sefi Medical Instruments, Israel) and expressed in millions/mL. The sperm motility was assessed in at least 100 sperm and expressed as percent of motile sperm (sum of rapid progression plus slow progression sperm). Sperm morphology was assessed by Shorr staining and sperm viability by Eosin-Nigrosin stain.
Nuclear magnetic resonance spectroscopy
The NMR spectra of the samples were acquired at a laboratory situated~850 km away from the point of collection of samples. Samples were centrifuged at 200 x g for 10 min to separate the cells from the rest of the fluid. The fluid component (supernatant) was stored at −80°C for NMR spectroscopy, until shipment. The samples were shipped in commercial insulated shipping containers. Maximal care was taken and stringent quality control has been applied while shipping of samples. Small chunks of dry ice were first placed at the bottom of the shipping container, and then the sample box was placed in the centre of shipping box, followed by placement of dry ice over and around the box. Immediately after shipment, the samples were shifted to a −80°C deep freezer available with the host facility. Just prior to analysis, the samples were thawed at room temperature for 15 min and then diluted 2:1 in D 2 O containing 50 mg/ml 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS-D 4 ), as a chemical shift and concentration reference. 600 μl of the sample was transferred immediately to a 5-mm NMR tube and inserted into the spectrometer. After allowing for temperature equilibration (to 300 K), the sample was shimmed and data were acquired approximately 15 min post-thaw. 1 H NMR spectra 1 H NMR spectra of the samples were acquired on a 700 MHz Bruker NMR spectrometer. The acquisition parameters were: A total of 16 transients collected in 32 K data points with a relaxation delay of 4 s between the consecutive transients and a spectral width of 20 ppm. Suppression of the water signal was achieved by continuous irradiation during the relaxation and mixing time. Acquisition time for each spectrum was 1.14 min. The spectra were phase and baseline corrected by using an automated program provided by Bruker, Biospin. All the spectra were referenced to DSS-D 4 as 0.00 ppm.
Multivariate data analyses
The NMR spectra were subjected to multivariate analysis using Simca-P+12.0. Prior to that, the phase and baseline corrected 1 H NMR spectra were divided into bins of 0.04 ppm width integrated. The working region (0.5 to 9.5 ppm) was normalized with respect to the whole spectrum to take care of the dilution effects and additionally, the data was mean centered and pareto scaled. The data matrices so generated were imported to Simca-P+12.0 and used for multivariate data analyses.
Initially, Principal Component Analysis (PCA) was carried out to check the trend in the data find out the outliers in the sample set. PCA is an unsupervised method, where no class entity is assigned to the sample set a priori; hence the model displays any hidden pattern in the data. The PCA analysis was inadequate to draw any specific conclusion regarding the clustering among the sample classes. Therefore, Orthogonal Partial Least Square-Discriminant Analysis (OPLS-DA) and O2PLS-DA was employed. This algorithm reveals more subtle changes in the occurrence and concentration of specific metabolites by focusing on compounds responsible for the discrimination between two classes (i.e. control and infertile group). Unlike PCA, the bins in the OPLS-DA and O2PLS-DA are assigned a variable importance, with higher numbers corresponding to bins that contributed more substantially to the class separation between control and infertile group. Since OPLS-DA and O2PLS-DA is a supervised method, therefore, class specificity is assigned to the sample set a priori. This further refines the class segregation. The OPLS-DA/O2PLS-DA models can be judged by using two parameters -R 2 Y and Q 2 (cum), the former shows the fraction of total variance explained by the model in the classes and the latter shows the extent of separation of the two classes, or in other words, the predictability of the model. The Q 2 (cum) is calculated using cross validation methods that uses 1/7th of the total data in each cross validation round. The OPLS-DA/O2PLS-DA model generates the predictive component which explains the class specific variation and the orthogonal component which explains variations not related to the class definition. Here also, the data is visualized using the scores and loadings plot as earlier. OPLS-DA, in addition, provides loadings S-plot which helps to identify the class of sample where certain group of variable is increased or decreased, hence aiding in data interpretation.
Results
The mean semen characteristics of the various subjects are presented (Table 1) . Resonances from a number of low molecular weight metabolites can be identified immediately from previously assigned chemical shift, such as choline, glycerophosphocholine (GPC), citrate, fructose, lactate and resonances from amino acids such as alanine, valine, leucine and isoleucine and is presented in Fig. 1 [22] . In addition, broad bands, characteristic of proteins, have also been observed throughout the entire spectrum, the assignment of which is hindered due to broadening. In view of the abundance of proteins such as semenogelin (Sg), PSA and albumin [3, 52] , it is possible that few of the peaks observed in the spectra of the present study originate and correspond to resonances from these proteins.
PCA scores plot revealed significant differences between the control population and idiopathic infertility and oligozoospermic patients. However, no or little difference was observed when the other infertile groups viz. azoospermic, teratozoospermic and asthenozoospermic patients. In addition, the idiopathic infertile patient group was also compared with all other infertile groups using PCA. No significant segregation was observed (Supplementary information, S2A and S2B).
To identify more subtle variations, supervised analyses such as O2PLS-DA and OPLS-DA were performed. Although on the technical front, O2PLS-DA is similar to OPLS-DA, the former is able to handle more than two classes of samples, thereby resulting in more than one predictive component. This places the generic OPLS algorithm at an advantage over [50, 17] .
In the present case, we resorted to O2PLS-DA to investigate the overall changes in the metabolic profile among different infertile groups. To achieve this, O2PLS-DA modeling was performed on all the infertile individuals with selected NMR variables (VIP>1.0 from another O2PLS_DA model involving all variables). This resulted in fairly significant model and three predictive components could be computed (R . These results suggested the presence of significant differences among categories of infertility. In order to further understand these differences with the control samples, a pair wise OPLS-DA approach was taken. The OPLS-DA analysis revealed significant biochemical differences between the fertile control group and other forms of male infertility -idiopathic infertility, oligozoospermia (Figs. 2 and 3) . Idiopathic infertile class and oligozoospermic patients were significantly segregated from the control population (Q 2 (cum)=0.61 and 0.68 respectively). Table 2 provides the R 2 Y and Q 2 (cum) of all the built OPLS-DA models. When the control population and azoospermic groups were considered, comparatively lesser difference was seen ( Table 2) . Comparison of the control group with either asthenozoospermia or teratozoospermia failed to reveal any significant difference in biomarker profiles. Interestingly, when the idiopathic group was compared against all other forms of infertility, distinct clustering was observed, highlighting distinct differences in profiles between the groups (Fig. 4) . The bins affecting the clustering of the relevant models are provided in Table 3 along with their loadings and Variable Importance on Projection (VIP) values. 2D correlation spectra of specific samples were acquired and analyzed in order to identify the metabolites related to the bins. These metabolites are tabulated in Table 4 .
Control group, as implicated earlier was distinct from the azoospermic patients. It was revealed that this clustering was due to decreased guanidoacetate and fructose in the patient population. In addition, one unassigned peak was decreased in the azoospermic patients (3.24 ppm) while another was increased (3.72 ppm). It was revealed that the control population was distinct from similarly perturbed metabolite levels. However, the idiopathic infertile groups were also distinct from the control population due to increased level of malonate and decreased level of valine, 2-hydroxyisovalerate, lysine, hiipurate and fructose. It turned out that valine and 2-hydroxyisovalerate along with alanine were also decreased in the idiopathic infertile groups when compared to other infertile groups ( Table 4) .
As Table 1 suggests, the different sperm characteristics such as sperm count, motility etc. are not much different between the idiopathic infertility and the control groups. Therefore, the diagnosis of idiopathic infertility is a challenge. We chose the lysine multiplet peak (1.74 ppm) in order to build a predictive model for idiopathic infertility and built two separate OPLS models -one comprising of the idiopathic infertile groups and all other infertile groups, another with the idiopathic infertile group along with the controls. Both the models showed significantly good predictive ability. The statistical parameters are tabulated in Table 5 . The cross validated scores plots of the models are also demonstrated ( Fig. 5a and b) .
Discussion
NMR spectroscopy is one of the most common and widely used spectroscopic techniques in the field of metabolomics approach which is based on non-destructive examination of intact tissue and biological fluids. NMR is intrinsically rich in information, offering structural and quantitative information simultaneously, with metabolite identification capabilities of even the most complex of mixtures, without the need of separation or sample preparation. Although NMR is considered to be relatively insensitive and involves high cost, it can measure many molecules simultaneously and provide and detailed structural information of the molecule(s) under study [40] .
There is growing interest in the application of highresolution 1 H NMR spectroscopy to human seminal fluid. The potential of 31 P-NMR spectroscopy as sensitive tool for assessment of testicular metabolic integrity and differentiation of normal testicles from those with markedly decreased spermatogenesis was highlighted over a decade ago [10] . The likelihood that 1 H NMR spectroscopy may provide some quantitative markers which may be used for examining infertility was subsequently established [16] . More recently, the application of 1 H-NMR to testicular tissue sections has been found to yield a unique metabolic signature (based upon phosphocholine tissue concentrations) for spermatogenesis, which could aid in the non-invasive diagnosis of sperm in men with non-obstructive azoospermia [1] . Attempts have also been made to test the effects of an injectable contraceptive on the distribution of amino acids [9] . The metabolomic approach as applied to the study of seminal plasma has also highlighted an association of oxidative stress and spermatogenic abnormalities [11] .
The use of proton NMR spectroscopy to investigate the lipid composition of human spermatozoa and seminal fluids with specific reference to changes after cryopreservation, revealed the release or activation of both phospholipase A(2) and sphingomyelinase in human spermatozoa due to the freezing/thawing cycle [37] . The utility of 1 H NMR spectroscopy to highlight changes in the seminal plasma of infertile men with spinal cord injury (SCI) due to neurological dysfunction of the prostate has been demonstrated [3, 4] . The presence of higher peptidase activity in infertile men with SCI and that uridine is likely to be an essential precursor to metabolites required for capacitation and is a potential marker for the prognosis of functional fertility recovery in patients with SCI has now been established [24, 23] .
In the context of phytochemical research, Withania somnifera therapy has been found to repair the disturbed concentrations of lactate, alanine, citrate, GPC, histidine, and phenylalanine in seminal plasma thereby aiding in recovery of semen quality post treatment [14] . Supporting the notion that diabetes effected changes in the metabolome of the testicle itself, the accumulation of advanced glycation end products accumulate in the reproductive tract of men with diabetes [25] , and metabolic profile changes in the testes of mice with streptozotocin-induced type 1 diabetes mellitus has been reported [26] .
In ART, metabolomics has identified an association between ART outcomes and levels of ROS in follicular fluid (FF) and embryo culture media [11] . This approach has also been applied to the study of human embryos [8, 40, 42] and oocytes [44] . More recently, the development of a screening technology using Raman and near-infrared spectroscopy was used to detect biomarkers in spent culture medium, with differences in algorithms generated for positive compared to negative in vitro fertilization outcomes [38, 41] . A few studies using the single embryo transfer (SET) model on day 2 and 3 showed higher mean viability scores for embryos that resulted in a pregnancy with fetal heart activity, compared with those that did not [40, 47] . Interestingly, metabolic profiling of embryo culture media was shown to be independent of embryo morphology. However, large scale, prospective studies are necessary to relate the metabolic profile of the medium to the developmental potential of human oocyte and embryo.
As can be seen from literature presented above, the field of metabolomics and its potential to contribute to identification of male fertility-related biomarkers is great. Analysis of small molecular weight metabolites is one of the ways of assessing reproductive efficiency. For example, the level of fructose has been implicated as a marker of seminal vesicle function for different classes of male infertility patients [2] . Levels of true corrected seminal fructose have been suggested as a better marker of seminal vesicle function [12] . Although, there are debates over the level of fructose and infertility [2] , our analysis suggests that fructose level in the azoospermic and oligozoospermic males are indeed low compared to healthy fertile males confirming the earlier observations [48] . Fructose is believed to be the energy source for the spermatozoa and it is therefore possible that scarcity in it would lead to incorrect generation of spermatozoa. This could be the possible reason for oligozoospermia or azoospermia in the relevant group of patients.
More importantly, our study suggests the presence of a metabolic reason behind the origin of idiopathic infertility. This is stressed upon by the fact that seminal plasma profile of this group showed distinct segregation from the control population as well as other infertile groups. When compared to the control populations, the idiopathic infertile group showed lower levels of valine, 2-hydroxyisovalerate, lysine, hippurate and fructose. In addition, when compared to the other infertile groups, low levels of valine, 2-hydroxyisovalerate and lysine have also been observed. Among different characteristics, the sperm motility was slightly, albeit statistically significantly, lowered in the idiopathic infertile group than the control. Fructose was implicated as one of the factors affecting the sperm motility earlier [33] . In addition, our data suggests that idiopathic infertile patients may be characterized by the low concentration of valine, which, in extension might be indicative of valine degradation. Lysine is another such amino acid which was found to be lower in the idiopathic infertile group. Our data suggests that the level of lysine could be of diagnostic use for idiopathic infertility. Microdeletion analysis of Y chromosome has become a standard genetic marker for the idiopathic male infertility [5] . However, this report indicates that lysine concentration in the seminal plasma may be a good indicator of idiopathic infertility. A very good regressive relation of the lysine concentration and t-scores of NMR profile in the seminal plasma of idiopathic infertility and other infertile groups (normalized concentration of lysine=0.01494*t-scores of seminal plasma NMR profile+0.0141, R 2 Y=0.98) along with similarly good regressive relation in idiopathic infertile group and control population (normalized conc of lysine=0.01219*tscores of seminal plasma NMR profile+0.0114, R 2 Y=0.97) suggests that 1 H NMR based metabonomic profiling has the potential to detect idiopathic infertility in an efficient manner.
In this study, the presence of a difference in biochemical profiles, between different forms of male infertility, with a special emphasis on idiopathic infertility, has been established. Results of the present study agree and complement another recent study where 1 H NMR spectroscopic studies on human seminal plasma using probative discriminant function analysis has been attempted and alanine, citrate, GPC, tyrosine and phenylalanine for determination of infertility has been proposed [13] . Although certain diagnostic criterion based on genetic tests has been proposed earlier for detection of idiopathic infertility, [5, 51] our method shows promise towards a more robust and efficient diagnostic technique.
The importance of male factor in fertility issues has only been recognized lately. As a first step forward, the present study has provided a rationale for search of a new biochemical marker for evaluating the pathogenesis of male infertility. This is relevant considering the fact that estimation of biochemical parameters is seldom done in daily routine investigations of the seminal plasma. In the context of unexplained infertility, metabolomic analysis may be useful in establishing a cause for the same, thereby aiding in diagnosis and therapeutic intervention.
The discovery of noninvasive, highly sensitive and specific biomarkers by NMR spectroscopy would eliminate the need for invasive testing in the infertile man and also allowing an expanded and more specific classification of male factor infertility [19, 36] . It is possible that the observed differences in biomarker profiles of patients with different forms of infertility by 1 H-NMR spectroscopy could highlight the presence of clinically relevant information. At this juncture, albeit when clinical applications for use of NMR spectroscopy have not yet been clearly defined, we hope that attempts to achieve a complete assignment of the 1 H NMR metabolic profile for seminal fluid may enhance the information obtainable from metabolomic studies and aid as a valuable tool useful in the diagnosis and management of male infertility.
